Proteomic studies were performed to identify proteins involved in the response of Oenothera glazioviana seedlings under Cu stress. Exposure of 28-d-old seedlings to 50 μM CuSO4 for 3 d led to inhibition of shoot and root growth as well as a considerable increase in the level of lipid peroxidation in the roots. Cu absorbed by O. glazioviana accumulated more easily in the root than in the shoot. Labelfree proteomic analysis indicated 58 differentially abundant proteins (DAPs) of the total 3,149 proteins in the roots of O. glazioviana seedlings, of which 36 were upregulated and 22 were downregulated under Cu stress conditions. Gene Ontology analysis showed that most of the identified proteins could be annotated to signal transduction, detoxification, stress defence, carbohydrate, energy, and protein metabolism, development, and oxidoreduction. We also retrieved 13 proteins from the enriched Kyoto Encyclopaedia of Genes and Genomes and the protein-protein interaction databases related to various pathways, including the citric acid (CA) cycle. Application of exogenous CA to O. glazioviana seedlings exposed to Cu alleviated the stress symptoms. Overall, this study provided new insights into the molecular mechanisms of plant response to Cu at the protein level in relation to soil properties.
Results
Effects of Cu Stress on Phenotype and Growth Parameters. Oenothera glazioviana seedlings exposed to 50 μM CuSO 4 for 3 d did not show any leaf chlorosis or withering symptoms. However, a considerable reduction in the shoot and root growth was observed compared with the control (Fig. 1) . Quantitative analysis showed that the root length, root tip number, root surface area, root volume, and leaf surface area of Cu treated seedlings were lower decreased by 5.9%, 58.3%, 76.2%, 39.1%, and 4.4%, respectively, compared with those of the control (Table 1 ). In addition, the shoot fresh weight (SFW), root fresh weight (RFW), shoot dry weight (SDW), and root dry weight (RDW) of Cu treated seedlings were significantly reduced by 9.2%, 16.9%, 47.2%, and 14.8%, respectively, compared with those of the control. The magnitude of Cu stress was higher in the roots than in the shoots. As shown in Fig. 1 , the root of Cu treated seedlings is normal with only a few slightly brown parts.
Levels of Thiobarbituric Acid Reactive Substances (TBARS) and Cu in Leaves and Roots. TBARS
concentration in the shoot (4.53 ± 0.30 nmol g −1 FW) and the root (9.17 ± 0.43 nmol g −1 FW) of Cu treated seedlings was 1.15-fold and 2.03-fold higher, respectively, compared with that in the respective tissues of the control (3.77 ± 0.61 and 4.33 ± 1.04 nmol g-1 FW in the shoot and root, respectively) and also was 2.11-fold higher in the root than in the shoot ( Fig. 2A) . These results showed that the TBARS content in the root, but not in the shoot, was significantly affected by Cu stress. Similarly, the Cu concentration in the shoot (25.6 ± 11.7 μg g-1 DW) and the root (728.0 ± 223.7 μg•g-1 DW) of Cu treated seedlings was 1.77-fold and 18.36-fold higher, respectively, compared with that in the respective tissues of the control (14.4 ± 5.1 and 39.6 ± 11.9 μg•g-1 DW in the shoot and root, respectively) and also was 28.4-fold higher in the root than in the shoot (Fig. 2B ).
Proteome in O. glazioviana Roots in
Response to Cu Stress. Through label free-based shotgun quantification approach, a total of 3149 proteins was successfully identified in O. glazioviana seedlings that treated or not with Cu (Table S1 ). Of these, 58 proteins (1.8% of the total proteins) were classified as DAPs (Table S2) ; 36 proteins were upregulated and 22 proteins were downregulated in response to Cu stress (Table 2) .
To gain a better understanding of the molecular functions and biological processes involved in O. glazioviana response to Cu stress, Gene Ontology (GO) analysis was performed and showed that DAPs were annotated to protein metabolism (18 DAPs), carbohydrate and energy metabolism (15 DAPs), signal transduction (eight DAPs), detoxification and stress defence (seven DAPs), development (five DAPs), oxidoreduction (three DAPs), and other unknown functions (two DAPs) (Fig. 3A) .
The Kyoto Encyclopaedia of Genes and Genomes (KEGG) analysis indicated that six pathways (involved 13 DAPs), including the CA cycle, carbon metabolism, pyruvate metabolism, fructose and mannose metabolism, glycolysis/gluconeogenesis, and amino sugar and nucleotide sugar metabolism, were significantly enriched (p < 0.01) ( Fig. 3B ; Table S3 ). The CA cycle was the most significantly enriched (p = 1.91e-05; Fig. 4 ; Table S4 ), and the citrate synthase was the most up-regulated among these 13 DAPs.
Effect of Exogenous CA Application on Cu Tolerance. The application of exogenous CA to O. glazioviana seedlings exposed to 50 μM CuSO 4 for 3 d greatly alleviated stress symptoms (Fig. 5) . Quantitative analysis showed that the fresh and dry weights of Cu + CA treated seedlings were significantly higher than those of the Cu treated seedlings. However, the TBARS content in the root of Cu + CA treated seedlings was significantly lower than that in the root of the Cu treated seedlings (Table 3) .
Discussion
Cu is an essential trace element in plants; however, in excess concentrations, it induces a wide range of biochemical effects and metabolic disturbances, which are responsible for a strong growth inhibition. The root growth is more susceptible to Cu toxicity than the shoot growth either the plant grows in the soil 30 or in a culture solution 31 . In our study, O. glazioviana seedlings showed visible damage when exposed to 50 μM CuSO 4 for 3 d. The roots became slightly brown (Fig. 1) , and their growth was markedly inhibited. The root tip number, root surface Continued area, root volume, and leaf surface area of Cu treated seedlings were significantly lower compared with those of the control (Table 1 ). The inhibitory effect of Cu on the root growth may be due to the reduced cell root meristem division and proliferation, damaged cell integrity in the root transition zone and retarded normal root cell growth 32 . These results were in agreement with those reported in findings in maize, hemp, and tobacco 25, 33, 34 . Plants accumulate readily more Cu in the root than in other tissues such as leaves 26 . In Brassica napus, Cu accumulation increases significantly with Cu exposure and is higher in the root, followed by that in the stem and leaf 35 . In our study, the Cu content in the root and the shoot of Cu treated seedlings was 18.36-fold and 1.77-fold higher, respectively, compared with that in the respective tissues of the control (Fig. 2B) , revealing the low translocation coefficient of Cu; thus, the shoot was less stressed. Excessive metal(loid) exposure, especially to Cu, generates reactive oxygen species (ROS) that damage the plant cells and inhibit plant growth 36 . TBARS, as a product of lipid peroxidation, is a sensitive biomaker of oxidative damage 37 . Here, the level of TBARS did not change significantly in the shoot, but significantly increased in the root of Cu treated seedlings ( Fig. 2A) , confirming previous studies in O. glazioviana 29 and suggesting that the tolerance/accumulation mechanism in the roots might restrict the root-to-shoot transfer of Cu.
The morphological and physiological changes exhibited in O. glazioviana seedlings exposed to 50 μM CuSO 4 for 3 d suggested that the metabolic and biological processes are regulated by Cu application. Using the label free-based shotgun quantification method, we found that the abundance of 58 proteins significantly changed in Cu treated seedlings compared with the control. The Cu-responsive proteins were related to a wide range of molecular functions, including protein metabolism (31%), carbohydrate and energy metabolism (26%), signal transduction (14%), detoxification and stress defence (12%), development (9%), oxidoreduction (5%), and other unknown functions (3%). The observed diversity in the biological functions of DAPs suggested that the response of O. glazioviana to Cu stress might be a complex process, and some physiological and biochemical changes were altered to counteract the adverse conditions. Protein Metabolism. Previous study in graph shown that Cu exposure markedly affects the protein metabolism and leads to protein reduction 38 . Here, 19 DAPs were identified in the roots of O. glazioviana seedlings exposed to Cu. Among these, the elongation factor Tu (No. 1; Fc = 6.69) catalyses the extension of the amino acid chain on the ribosome that further controls protein synthesis; heat shock proteins (No. 9, Fc = 1.55; No. 10, Fc = 2.43) increase in abundance under various abiotic stresses, since they prevent the aggregation of non-native proteins under normal and stress conditions 39 . Peptidyl-prolyl cis-trans isomerase and protein disulfide isomerase (No. 5, Fc = 0.55; No. 8, Fc = 0.64) play an important role in the maturation of newly synthesized proteins by correcting improper fold 40 ; and ubiquitin-conjugating enzymes (UBCs, No. 7, Fc = 0.62) catalyse the second step in the ubiquitin-dependent proteolytic pathway that is one of the major protein degradation pathways in eukaryote. UBCs are induced under stress conditions and are responsible for the selective degradation of proteins with incorrect folding 41 . 44 . In previous studies, the expression of citrate synthase gene increased the citrate synthase activity and the citric acid content 45 . In the present study, we identified citrate synthase and used exogenous CA to experimentally verify its role in the alleviation of Cu stress symptoms. We also identified glucose-6-phosphate isomerase, cytosolic (No. 27, Fc = 1.57), which suggested that the glycolytic pathway might be involved in plant response to Cu stress. Shu et al. showed that enhanced glycolysis leads to the accumulation of acetyl-CoA in the CA cycle and the increased production of ATP to support stress resistance 46 . Here, most of the identified glycolysis-related proteins were up-regulated, indicating that O. glazioviana seedlings could maintain their essential respiration and provide more glycolytically generated ATP by reinforcing the CA cycle and glycolytic pathway under Cu stress conditions. Signal Transduction. Many Detoxification and Stress Defence. We found several proteins related to cell detoxification, including Aldo-keto reductase (No. 44, Fc = 1.97) that is known to be effective in the detoxification of lipid peroxidation-derived reactive aldehydes 53, 54 . Transgenic tobacco plants overexpressing alfalfa AKR (MsALR) showed increased tolerance against a variety of oxidative stresses induced by methylviologen, heavy metals, and long-term drought [53] [54] [55] . Aldehyde dehydrogenase (No. 45, Fc = 1.71) is considered as a general detoxifying enzyme that eliminate toxic biogenic and xenobiotic aldehydes 56 . Cp-ALDH and Ath-ALDH3 from Craterostigma plantagineum and A. thaliana, respectively, respond to a variety of stress treatments 57 . Two ALDHs from barley were also shown to be up-regulated by drought stress 58 . Our proteomic analysis indicated ALDH might be associated with the removal of harmful substances under Cu stress in O. glazioviana seedlings. is a mitochondrial enzyme involved in the distal part of the valine and pyrimidine catabolic pathways. MMSDH was decreased in the seminal roots of slr1 mutants that were thinner compared with those of the wild type, supporting that MMSDH is a key factor in root development 60 . ADP-ribosylation factor (No. 53, Fc = 0.50) participates in membrane traffic, since it regulates the normal auxin efflux to exert a positive function in the cell polar localization [61] [62] [63] . The down-regulation of the ADP-ribosylation factor in A. thaliana results in severe growth inhibition 64 . In the present study, No. 49, 50, 51, and 53 were down-regulated in the roots of Cu treated seedlings, revealing that these proteins might be involved in growth inhibition.
Oxidoreduction. Cu, as a redox-active metal, can catalyse the formation of hydroxyl radicals to generate ROS that create oxidative stress and damage cellular macromolecules, resulting in cell death 65 . Plants have developed a vigorous antioxidant mechanism that is associated with enzymatic (peroxidase) and non-enzymatic components (glutathione). Here, phosphomannomutase (No. 54, Fc = 2.10), GDP-mannose 3,5-epimerase (No. 56, Fc = 1.90), and peroxidase 73 (No. 55, Fc = 1.86) that play crucial roles in ROS scavenging were accumulated in the roots of O. glazioviana seedlings exposed to Cu, suggesting that they might be associated with oxidative stress response.
Proteins do not perform their functions as single entities, but together in networks 14 . Meanwhile, signal molecules, usually help plants to recognize environmental factors, and regulate the expression of related genes in the signal pathways. When exogenous CA was applied to O. glazioviana seedlings exposed to 50 mM CuSO 4 , the stress symptoms were alleviated (Fig. S1, Table 3 ), indicating that CA might act as a signal molecule and regulate the expression of several proteins through a direct or indirect mechanism under Cu stress conditions. Overall, our study showed that Cu stress inhibited the growth of O. glazioviana seedlings and increased the root Cu concentration. Our proteomic analysis identified 58 DAPs in the roots of O. glazioviana seedlings involved in protein metabolism, carbohydrate metabolism, signal transduction, detoxification and stress defence, development, and oxidoreduction. Using KEGG and PPI analysis, we identified 13 DAPs that were involved in different pathways. The CA cycle was the most significantly enriched, and then the citrate synthase exhibited most up-regulated among these 13 DAPs. These results suggested that CA might play a critical role in the overall plant response process to Cu. Subsequently, we applied exogenous CA to Cu treated seedlings in order to verify our assumption. We found that exogenous CA alleviated Cu stress symptoms, probably because it regulates the expression of proteins related to plant response to Cu stress. These results provided new insights into the molecular mechanisms of plant response to Cu.
Treatment Fresh wegiht (g/plant)
Dry wegiht (g/plant) TBARS contents (nmol/L FW) Root and leaf samples were dried at 80 °C to constant weight for determining SDW and RDW. Root length, root tip number, root surface area, root volume, and leaf surface area were measured using a scanner-based image analysis system (WinRHIZO; Regent Instruments, Quebec, Canada) 66 . Prior to analysis, roots were preserved in 70% ethanol.
Determination of Cu Concentration. Root samples were collected and immerged in 25 mM EDTA-Na solution for 15 min to desorb metal ions on root surfaces. Next, root and leaf samples were washed thoroughly with tap water, rinsed with deionized water, cleaned with tissue paper, dried in an oven at 120 °C for 0.5 h to deactivate enzymes, and stored at 80 °C for 24 h. Next, these samples were ground to a fine powder, and 0.2 g was separately digested using an acid mixture of HNO 3 /HClO 4 (87:13, v:v) 67 . The digests were dissolved in 5% HNO 3 for Cu analysis using a NOVA 300 atomic absorption spectrophotometer (Analytik, Jena, Germany).
Determination of TBARS Levels. Lipid peroxidation was determined by estimating the levels of TBARS as described by Jin et al. 37 . Briefly, 0.5 g of fresh root tissues was homogenized in a mortar with 5 mL of 0.25% 2-thiobarbituric acid and 10% trichloroacetic acid. The mixture was heated at 95 °C for 30 min, quickly cooled in an ice bath, and centrifuged at 10,000 × g for 10 min. The absorbance of the supernatant was measured at 532 nm and corrected for unspecific absorbance at 600 nm. Protein Extraction and Digestion. Root total proteins was extracted using a total protein extraction kit (Sigma-Aldrich, St. Louis, MO, USA), following the manufacturer's instructions. Briefly, 250 mg of root tissue (10 plants pooled) was homogenized in liquid nitrogen. The homogenate was washed with methanol and acetone, and then, pelleted and dried with a SpeedVac (Thermo-Fisher Scientific, Waltham, MA, USA). The root tissue pellet was extracted with Type 4 Working Solution, containing 7 M urea, 2 M thiourea, 40 mM Trizma base, and 1% sodium dodecyl sulphate. After incubation for 15 min, the suspension was centrifuged at 14,000 × g for 30 min to remove the insoluble materials. The protein content in the supernatant was quantified using the Bradford assay (Bio-Rad, Hercules, CA, USA).
Protein samples (200 µg of bovine serum albumin equivalent) were digested using the filter-aided sample preparation method 68 . Briefly, the protein extracts were reduced by 10 mM dithiothreitol for 1 h at 56 °C, alkylated by 55 mM of iodoacetamide for 45 min at 25 °C in the dark, and buffer-exchanged with 100 mM NH 4 HCO 3 (pH 8.5) using 10 KDa molecular weight cut-off Amicon Spin Tube (Millipore, Billerica, MA, USA). Subsequently, 4 µg of sequencing-grade modified trypsin (Promega, Madison, WA, USA) was added to each sample for protein digestion at 37 °C overnight (trypsin: protein, 1: 50). The digested peptides were desalted by Sep-Pak C18 cartridges (Waters, Milford, MA, USA) and quantified using a NanoDrop spectrophotometer (Thermo-Fisher Scientific).
Conditions of Nano-UPLC-MS. For label-free relative quantification analysis, five biological replicates of each treatment group were analysed by an on-line nano-LC system (Thermo-Fisher Scientific) coupled with a linear trap quadrupole mass spectrometer (LTQ-Orbitrap; Thermo Scientific). The resulting peptides (1.5 μg) were acidified with 0.1% formic acid and subsequently loaded into the nano trap column (Acclaim PepMap100 C18; 75 μm × 2 cm, 3 μm, 100 Å; Thermo-Fisher Scientific) at a flow rate of 4 μL min −1 in a loading buffer, containing 2% acetonitrile and 0.1% formic acid in high performance liquid chromatography-grade water. Chromatographic separation was carried out using an analytical column (Acclaim PepMap RSLC C18; 75 μm × 15 cm, 3 μm, 100 Å; Thermo-Fisher Scientific) with a linear gradient of 3-55% Buffer B (80% acetonitrile and 0.1% FA) at a flow rate of 0.25 μl min −1 over 112 min. Due to loading and washing steps, the total time for an LC-MS/MS run was approximately 160 min.
One scanning cycle included an MS1 scan (m/z 300-1800) at a resolution of 60,000, followed by 10 MS2 scans by LTQ. The 10 most abundant precursor ions were fragmented at 35%. The lock mass calibration was activated, and the dynamic exclusion time was 30 s.
Label-free Data Analysis. Raw MS files were processed by MaxQuant 1.5.2.5 employing the Andromeda algorithm and searched against the UniprotKB reference database for Viridiplantae (green plants) kingdom. In Andromeda search, the precursor and fragment ions mass tolerance was 6 ppm and 20 ppm, respectively. The maximum number of missed cleavages was two. The carbamidomethylation of cysteine was set as a fixed modification, with protein N-terminal oxidation of methionine as a variable modification. The false discovery rate (FDR) was set at 0.01. Protein abundances were calculated using the label-free quantitation algorithm 69 . Quantification was achieved using the label-free quantification (LFQ) with unique peptides. The match between runs option was enabled, allowing a time window of 2 min to search for already identified peptides in all obtained chromatograms. Protein abundance was calculated on the basis of the normalized spectral protein intensity (LFQ intensity), and proteins were quantified with a minimum of two ratio counts. The generated 'proteingroups.txt' table was filtered for contaminants, reverse hits, and number of unique peptides (≥1) using Perseus 1.5.3.2.
Bioinformatics Studies of DAPs. DAPs were characterized proteins with an average fold change in abundance (Cu/Control) more than 1.5 and a p value less than 0.05. GO annotations were retrieved from a large number of references, whereas KEGG 70 and PPI analysis were performed using Omicsbean (http://www.omicsbean.cn). The strengths of the PPI network relationships were visualized by assigning line weights to the compiled scores. PPI analysis was done with minimum required interaction score set to medium confidence 0.400 71 .
Effect of Exogenous CA Application on O. glazioviana Seedlings Exposed to Cu. After 21 d in
Hoagland's nutrient solution, O. glazioviana seedlings were exposed to 50 μM Cu SO 4 or 50 μM Cu SO 4 and 50 μM CA for 3 d. Control plants were grown in Hoagland's nutrient solution without Cu. FW, DW, and TBARS were determined as described above. Experiments were conducted in triplicate.
Statistical Analysis. One-way analysis of variance (ANOVA) in conjunction with Duncan's test was performed to identify significant differences (p < 0.05) between the groups using SPSS 19.0 (IBM, Armonk, NY, USA). All data were expressed as mean ± standard deviation.
